ABSTRACT This paper presented a numerical analysis of the damping characteristics of truck escape ramps. To explore the procedure of out-of-control trucks running into arrester beds, the discrete element method (DEM) models of both the tire and the truck escape ramp were built. Tire compression tests were conducted on a homemade tire test system, and the results were used to calibrate the parameters of the tire DEM model. A compression machine was used to conduct dynamic compression tests on pebbles obtained from escape ramps, and the results were used to calibrate the parameters of the pebble DEM model. Road tests were then conducted to further validate the simulation method. An adaptive master-slave simulation procedure analysis was utilized in the simulation process. The error of the travel distance between the simulation and test results was 2.95%. The built tire-pebble DEM model was used to perform the simulations of trucks running into truck escape ramps with different truckloads and laying depths. The results of different truckloads indicated that the truck speed was mainly determined by the laying depth at the entrance of the truck escape ramp. With an increase in time, the truckload started to take effect. The results of different laying depths indicated that the truck speed results were approximately constant at the entrance of the truck escape ramp. As the laying depth increased, the truck speed decreased. When the laying depth exceeded approximately 60 cm, the damping properties of the different laying depths were approximately constant.
I. INTRODUCTION
Out-of-control trucks on mountain roads is a key issue in current traffic safety situations. When a truck is driving on a long downhill slope, brake failure frequently occurs due to the increasing temperatures in the brake system. Studies show that when the temperature exceeds a certain value, the braking efficiency decreases and may even cause brake failure. Truck escape ramps are known as the most efficient way to prevent such accidents. Truck escape ramps are a type of traffic safety facilities that are typically located at the end of a long downhill slope. These ramps are used by out-ofcontrol trucks to slow down, for rescue and to pull off [1] .
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Previous studies on truck escape ramps have mostly concentrated on setting locations [2] , efflux angles [3] , signs [4] , [5] , pebbles [6] and materials [7] - [10] . As pebble diameters and locations are random in arrester beds, the terramechanics of tires rolling onto arrester beds are difficult to predict. There are few studies on the damping characteristics of truck escape ramps. Currently, the standards of escape ramps are mainly dependent on accident statistics, vehicle tests and personal experience [11] . However, considering the experiment cost, pebble properties, vehicle conditions and driving habits in different countries, the standards may not be applicable to all regions. Situations where a truck drives out of the truck escape ramp still occur because the arrester bed is not sufficiently long or thick. Therefore, it is of great significance to find a method to simulate the procedure of trucks running into arrester beds and analyze the damping characteristics of the truck escape ramp.
The discrete element method (DEM) is a new numerical method that has been rapidly developed for dealing with tire-soil mechanics [12] - [14] . Currently, the research on tire-soil contacting systems mainly focuses on two methods [15] , [16] . The first method is a simulation approach that combines the finite element method (FEM) with the DEM; this combination is referred to as FEM-DEM [17] . Nishiyama et al. [18] - [20] developed a soil-wheel simulation model in which the soil was modeled by DEM and the wheel was modeled by FEM. Considering the system operating efficiency, only a small zone around the wheel is utilized, and this zone could also be updated with the position of the wheel. The test results demonstrated the validity of the simulation method. Zheng et al. [21] and Zhao and Zang [22] developed an FEM tire model with a simplified pattern, which was coupled with an adaptive slave region method; the tire reaction on different types of soil was canalized. Recuero et al. [23] developed a complex threedimensional car-soil system and analyzed the contact stress of the tire. By using a parallel stream computing method, the system analyzed the drawbar pull, terrain resistance, and sinkage under different parameters of tire inflation pressure and soil cohesion. Wu et al. performed experimental and FEM simulations on tire tread block friction characteristics [24] . P. Baranowski et al. tested mechanical characteristics of rubber materials with the split-Hopkinson pressure bar (SHPB) technique [25] and analyzed the vehicle tire impulse loading conditions with FEM simulations [26] . The coupled FEM-DEM simulation approach enables research on tire models, which are mostly simulated by FEM, and discrete soil, which is simulated by DEM. Moreover, the simulation results in the studies that implement FEM-DEM are consistent with the test results. However, the shortcoming of the FEM-DEM method lies in its computing speed. As the connection mechanism of the FEM and DEM is complex, it is difficult to couple the two methods with increasing computational speed. Although there are some simulation methods that greatly decrease the computing amount, such as the adaptive master-slave adapted method, it is difficult to satisfactorily simulate the procedure when there are massive particles [27] , [28] . The second method is the pure DEM simulation method [29] . Johnson et al. [30] developed a threedimensional DEM model of a wheel from the Mars Exploration Rover and simulated the drawbar pull and sinkage of the wheel under different slip ratios. Their test results proved the validity of their simulation method. Jiang et al. [31] built a rover model and proposed a new contact model for lunar soil. Coupled with the proposed rover wheel test beds, the tractive efficiency was analyzed. Du et al. [32] , [33] built a DEM model of a rigid tire with a chevron tread pattern and analyzed the straight and turning performance, including tractive parameters and lug effects. Compared with the FEM-DEM approach, the exclusive of the DEM greatly decreases the computing amount. However, the shortcomings of this simulation method lie in the accuracy of the tire model. A tire model that uses a ball element to represent the tire neglects the function of the tread pattern, and the simulation results cannot properly match the test results. Moreover, a tire model that uses a wall element to represent a rigid tire neglects the tire deformation. Because the contacting zone of the tire and soil particles in the simulation does not accurately reflect the real contacting zone, the simulation results do not exactly match the testing results. It is important to find a way to build a tire DEM model that can appropriately represent the tread pattern functionality and the deformation.
The purpose of this study is to analyze the damping characteristics of truck escape ramps. First, based on the data measured from real truck tires, a tire DEM model with a simplified tread pattern was built. Then, the DEM parameters were calibrated based on a homemade truck tire test system. Based on the pebbles that were collected from escape ramps, we selected three types of shapes as the basic shapes to build the pebble DEM model. The parameters of the pebble DEM model were calibrated by compression test results. Arrester bed DEM models with different settled laying depths and slopes were built. In the arrester bed DEM model, both the pebble angle and shape were randomly selected. Then, the procedure of trucks running into arrester beds was simulated. By using the adaptive master-slave adaptive method, during the simulation process, the effective slave region was limited to three meters. A real road test was conducted to indicate the validity of the simulation method. Based on the built DEM model, the damping characteristics of the truck escape ramps with different laying depths and truck loads were simulated. The framework of the proposed simulation method is shown in Fig. 1 .
II. DEM ALGORITHM
The DEM is mostly used for discrete particle movements and interactions. The DEM separates an object into a number of elements that are regarded as independent of one another [34] .
Interactions within a DEM model are determined by the locations of the elements. Herein, the basic elements are the ''wall'' element and the ''ball'' element. If the elements are contacted, then a force-displacement response based on Newton's second law is established at the contacts. Based on the position relations, the force-displacement response is separated into two types: ''ball-ball'' and ''ballwall''. The element contacting mechanisms are shown in Fig. 2 , and the parameters in Fig. 2 are calculated by formulas (1)-(4) [35] , [36] . where x 1 and x 2 are the ball locations, x 3 is the point on the wall that is nearest to the ball, x 4 is the center point of the ball-ball or ball-wall, n is the normal vector of the elements, d is the distance from ball-ball and ball-wall, and c is the judging variable. When c is less than the minimum distance variable g c , the elements are determined being in contacted. This paper selected a linear contact model for the ''ballball'' and ''ball-wall'' force-displacement model [37] . The linear model provides linear and dashpot components that act in parallel with one another. The linear component provides linear elastic (no-tension) frictional behavior, while the dashpot component provides viscous behavior. The simplified schematic of the contacting model is shown in Fig. 3 . A contact in the linear model is active if and only if the surface gap (g s = g c − g r ) is less than or equal to zero. The force-displacement law is skipped for inactive contacts. When the reference gap is zero, the notional surfaces coincide with the piece surfaces.
The force-displacement law for the linear model consists of the following steps:
(a) Linear normal force The linear normal force is updated by
where g s = g c − g r ; g s , g c and g r are the surface gap, the distance between the element surface and the preset minimum distance, respectively. For the linear force, no-tension behavior is enforced so that the linear normal force is always compressive, and it is nonzero only when the surface gap is negative.
(b) Linear shear force The linear shear force is updated by
where F l s 0 is the linear normal force at the beginning of the timestep, and δ s is the adjusted relative shear-displacement increment.
The sliding force is updated by
where µ is the minimum friction coefficient of the contacted elements The linear shear force is updated by:
The slip state is updated by
If the slip state is true, then the contact is sliding. (c) Dashpot normal force The dashpot normal force based the dashpot behavior is
where m c = m (1) m (2) m (1) +m (2) , ball − ball m (1) , ball − wall ; m (1) and m (2) are the masses of the bodies andδ n is the relative normal translational velocity.
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where m c = m (1) m (2) m (1) +m (2) , ball − ball m (1) , ball − wall , m (1) and m (2) are the masses of the bodies andδ s is the relative shear translational velocity. The DEM method imports local damping to each element and is used to restrict the relative motion, and the damped equations of motion can be written as
where F i , M i and A i are the generalized force, mass and acceleration components, respectively, and F d i is the damping force.
where α is the damping coefficient, and v i is the generalized velocity.
III. TIRE AND PEBBLE DEM SIMULATION
A. TIRE DEM MODEL 1) Tire DEM model design Taking computing power into consideration, the truck tire was simulated in 2D. The tire DEM model design can be described as follows:
x Truck tire sample The tested truck tire is a heavy-load wagon tire(11.00R20 16PR). The side view of the truck tire sample is shown in Fig. 4(a) , and the side view is similar to a tooth structure [22] . The tread pattern is shown in Fig. 4(b) , and the tire tread flotation pattern is widely used on heavy-load wagon trucks for mountain roads. Then, key parameters of the tested tire such as the tire diameter, cog thickness, cover tire thickness, hub diameter and cog length were measured. The parameters are shown in Tab 1. y Tire DEM model The truck tire DEM model was built based on the side view. We marked the essential datum coordinates and drew the basic shape of the 2D tire model (Fig. 5) .
Based on the shape of the built tire model, basic 'ball' elements were filled into the circular rim section. To reduce the calculation time and maintain a good shape of the tire model, the diameter of each element was set to 6 mm.
The construction of the circular rim section consists of the following four steps: First, two connected ball elements in the rim zone were randomly selected; the coordinates of the elements were marked as P 1 (x 1 , y 1 ) and P 2 (x 2 , y 2 ) ( Fig. 6(a) ). Second, two elements that were tangent to the given elements were calculated by (15) , and the results are shown in Fig. 6(b) . Third, all the existing connected elements were recorded, and the second step was repeated. If the calculated elements did not overlap with the existing elements, then the new elements were recorded; the results are shown in Fig. 6(c) . Finally, the previous step was repeated until all the elements 
The trapezoid groove on the outside of the gear structure of the tire model was constructed by formula (16) . Formula (16) shows the determination of the position relationship between a point P 7 (x 7 , y 7 ) and a line L 1 . First, two points on the line L 1 were randomly taken and marked as P 5 (x 5 , y 5 ) and P 6 (x 6 , y 6 ). Then, the value of S in formula (15) was calculated. The relationship between P 7 and L 1 can be determined by the value of S. When P 5 P 6 P 7 was anticlockwise, the value of S was positive. When P 5 P 6 P 7 was clockwise, the value of S was negative.
S(P
All the points were marked on circular rim zone, and the particles that were not in the zone were deleted based on the relationship between the points and the rim lines.
All the coordinates and diameters of the rim elements were imported into the DEM software. Then, an additional element that represented the wheel was added to the DEM model by using the 'create' order. Finally, the tire DEM model was built using the 'clump' order to certify its integrity. The tire DEM model is shown in Fig. 8 . The number of ball elements that consisted of the tire DEM model was 6325.
2) PARAMETERS OF THE TIRE DEM MODEL
The truck tire DEM model parameters were calibrated with a homemade tire test system (Fig. 9) . The test can be described as follows: First, the tire was fixed on the platform through the middle shaft. Second, a preload was applied on top of the tire by a hydraulic cylinder. Third, when the tire load was balanced, an additional load was applied to the tire on the bottom of the tire by a vibration table. During the test, the load force and displacement of both the upper and lower platens were recorded.
The different amplitudes were tested, and the input curves of 4.2 mm, 5.4 mm, 7.1 mm and 10.1 mm are shown in Fig. 10 . During the test, the input frequency was 1 Hz.
In the simulation process, the position of the tire DEM model was fixed using a 'fix' order. A wall element was built, and a preload was applied to the tire model. When the force of the tire was balanced, the velocity signals recorded from the tire tests were added to the wall element. The DEM simulation of the test is shown in Fig. 11 .
During the simulation, the signals from the wall displacement and tire load were recorded. The tire test results and simulation results were compared, and the tire DEM model parameters were clarified.
In the simulation process, the rubber and wheel density were measured as 0.917e3 kg·m −3 and 2.7e3 kg·m −3 ; the normal and shear stiffness of the rubber were both set to 2e5 N·m −1 ; the normal-to-shear stiffness ratio was preset to 0.3 [38] , and the normal stiffness was calibrated to 9.3219e5 N·m −1 . The results are as follows:
With input curves of 4.2 mm, 5.4 mm, 7.1 mm and 10.1 mm, the tire test and simulation results were compared; the results are shown in Fig. 12 .
Based on the simulation and experimental results. The root mean square values of the results are shown in Tab. 2.
The results indicated that under amplitudes of 4.2 mm, 5.4 mm 7.1 mm and 10.1 mm, the deviation between the simulation and test results was 1.86%, 0.45%, 2.96% and 4.13%, respectively. The maximum error was within 5%. The results demonstrated the validity of the tire DEM model. This paper used the overlap of the tire DEM model to represent real tire deformation. 
B. PEBBLE DEM MODEL 1) PEBBLE MODEL DESIGN
The pebbles were obtained from escape ramps located on K209+400 Road, Gansu Province, China. The basic shapes of the pebbles are shown in Fig. 13 .
To reduce the computational time, the basic elements of each pebble were modeled by the overlap method [39] . The basic shape was certified, and the number of elements for each pebble model was minimized. The pebble quantities were 8, 15 and 17. The basic shapes of the pebbles were drawn with drawing software. Pebble element information, such as the element location and diameter, were imported into the DEM software. Pebble models were finally built using the 'clump' order. The basic pebble shape and the DEM model are shown in Fig. 14. 
2) PARAMETERS OF THE PEBBLE DEM MODEL
The dimensions and locations of real pebbles in the truck escape ramp are not the same. Therefore, it is difficult to predict the macroscopic mechanical response by experimental or mathematical methods. Moreover, the microscopic and macroscopic parameters of the pebble DEM model are not the same. Therefore, the microscopic parameters of the pebble DEM model first need to be calibrated. This paper selected laboratory dynamic compression tests to calibrate the microscopic parameters of the pebble DEM model.
The testing machine is shown in Fig. 15 , and the key technical parameters are shown in Tab 3. The pebbles tested in this study were obtained from escape ramps from K209+400 road in Gansu Province, China. The dry granular pebbles have a high degree of sphericity. The gravel sizes range from 6.61 mm to 22.20 mm, and the average pebble diameter is 11.82 mm. The box size was measured as 0.343 m×0.343 m×0.164 m.
The compression tests include three steps. First, the tested pebbles were poured into the box until the pebble thickness reached the preset value. Second, a vertical speed was applied to the pressing plate until the plate became close to the horizontal surface of the pebbles. Third, a constant vertical velocity of 10 mm/min was applied to the pressing plate until the vertical displacement reached 0.012 m. In the testing process, the signals from the pressing plate contacting forces and vertical displacements were recorded. A series of tests were conducted, and the results are as follows:
First, repetition tests were conducted. The laying depth was set to 0.1155 m and the porosity was measured as 0.37. The results are shown as Fig. 16 .
The results of the repetition tests indicate that with an increase in the pressing plate displacement, the contacting forces on the pressing plate increase considerably. Within 0.012 m, the contacting forces linearly increase to approximately 1150 N. In addition, although there are some aberrations in the displacement-force curves, the trend of these forces is roughly the same. with the pebbles. After this point, the function of the laying depth becomes much more important. As the laying depth decreases, the forces increase considerably.
Coupled with the designed pebble DEM model, the procedures of the tests were simulated by DEM software, and the microscopic parameters were calibrated.
During the simulation process, the wall elements were first built based on the size of the real box that was tested. Then, the pebble DEM models were filled into the box. With the 'rand' order, the clumps with fixed columns and rows were first built on the box. The particle type, size and angle were randomly selected. Then, the coordinates and sizes of the pebble elements were imported into the DEM software. With the 'clump' order, the relationships of the elements comprising each pebble were fixed. According to the 'gravity' order, the clumps were recoiled into the boxes. When the strain force was balanced, the pebbles at a settled laying depth were settled with the 'clump del' order.
The wall elements with a fixed velocity, which represented the pressing plate were built with a 'wall velocity' order. During the simulation process, the contact force and displacement of the wall elements were recorded.
The evolutions of the force chain structure and pebble velocity during the compression process are shown in Fig. 18 .
The evolution of the force chain structure results indicate that the evolution law of the force chain structure is consistent when the laying depth is 0.1155 m. In the initial stage, the pebble contact forces mainly resulted from gravity. The pebble contact forces increase with increasing pebble laying depth. With an increase in wall displacement, the contact force from the plate starts to take effect. The force chain is spread similar to a root shape. The largest force comes from the connection of the plate and pebbles. Fig. 18 shows that the force chain in the vertical direction is larger than that in the horizontal direction. With an increase in the plate displacement, the effect of the horizontal direction becomes increasingly stronger.
The friction coefficient is a key parameter that greatly affects the contact force results. Herein, friction coefficients of 0.03, 0.07, 0.11 and 0.15 were simulated. The results of the contact force are shown in Fig. 19 .
The results show that within 84.56 s, the maximum contact forces were 511. The results also indicate that as the friction coefficient increases, the contact forces exhibit an approximately linear increase. The trend of the simulation results is beneficial for friction coefficient calibration.
Based on the compression test results, the parameters of the pebble DEM model were calibrated. In the simulation process, the element number and porosity were measured as 3307 and 0.1511, respectively. The shear and normal stiffness values were set to 2.4e7 N/m and 4.8e6 N/m, respectively [40] . The pebble density was measured as 2777 kg/m 3 . The damping was set to a default value of 0.7, and the friction coefficient was calibrated as 0.11. Then, the simulation results and test results are compared, and the results are shown in Fig. 20 .
The results show that within 84.56 s, the contact force amplitude in the simulation results increases to 1239 N, whereas the contact force amplitude in the test results increases to 1402 N. Hence, the maximum error of the test and simulation results is 11.63%. The results indicate that under a laying depth of 0.1155 m, the increasing trend and amplitude of the pressing forces of the simulation and test results are approximately equal. Simulation and test results proved the validity of the built pebble DEM model. The errors between the results were mainly caused by the following reasons. First, the shape of the pebble DEM model needs further optimization. This paper selected three types of pebble models for use as the basic pebble DEM model. The results of such a method are better than the normal method that uses ball elements as the basic pebble model, but there are still errors between the designed pebble DEM model and real pebbles. Second, based on the compression test results, the parameters of the pebble DEM model need further optimization.
IV. ROAD TEST AND SIMULATION OF THE TRUCK ESCAPE RAMP A. ROAD TEST ON A TRUCK ESCAPE RAMP
A road test was conducted on a truck escape ramp located on K209+400 road in Gansu Province, China. The road is shown in Fig. 21 .
A basic design diagram based on the data measured on the truck escape ramp is shown in Fig. 22 . From the figure, we can see that the truck escape ramp can be separated into two sections. The length of the first section is 60 m, wherein the depth increases from 0.075 m to 0.6 m. The degree of the foundation and arrester bed is 6.59%. The surface degree of the arrester bed is 7.47%. The length of the second section is from 60 m to 140 m. The effective laying depth remains at 0.6 m, and the degrees of both the foundation and surface are 7.47%.
The truck tested in the truck escape ramp is a Delong F3000 tractor truck (Fig. 23) . The loads on the front tire, rear tire and truck load were tested. The results are shown in Tab 4.
A VBOX-VGPS speed recorder was used to record the signals of the truck speed and travel distance. During the test, a global positioning system(GPS) sensor was attached to the roof. The VBOX-VGPS and GPS sensors are shown in Fig. 24 . During the road test process, the truck was first accelerated to a preset speed. To certify truck safety on the truck escape ramp, the entrance speed was set to approximately 80 km/h. To simulate an out-of-control truck, the truck driver first drove the truck in the right direction, and at the time that the truck entered the truck escape ramp, the truck driver disengaged the clutch and shifted into neutral. During the whole process of the truck running on the truck escape ramp, the truck driver did nothing to control the truck.
With an entrance speed of 78 km/h, a rotational speed of 39.40 rad/s and a truck tire load of 3750 kg, the results of the truck speed and travel distance are shown in Fig. 25 .
The truck road test results show that with an entrance speed of 78 km/h, the truck stopped within 6.7 s, and the travel distance of the entire process was 75.4 m. At the initial stage, from 0 s to 0.6 s, the truck speed was unstable. First, the speed first quickly dropped, and then the speed remained constant. During the second stage, from 0.6 s to 6.7 s, the truck speed trend was linearly shaped. Correspondingly, the overall relationship between the travel distance and time was quadratic. The results indicate that in the initial stage, the condition of the truck was unstable. The tire rushed into the pebbles, and the truck speed quickly dropped. Vertical forces that were presented by the arrester bed sharply increased. The vertical velocity of the tire sharply increased; then, the tire rushed out of the arrester bed, and the truck speed remained constant. At 0.6 s, the tire jumped into the arrester bed again, and the truck condition stabilized. Because of gravity, the truck tire entered the truck escape ramp again, and the truck exhibited uniform deceleration.
B. DEM MODEL OF THE TRUCK ESCAPE RAMP
Based on the data measured on the escape ramp, as illustrated in the former section, arrester bed DEM models were designed.
In the simulation process, a box (length of 1 m and height of 2 m) consisting of wall elements was first built. Based on the locations of the wall elements, pebbles were filled into the built box. With the 'rand' order, clumps with fixed columns and rows were first calculated in the box. The particle type, size and angle were randomly selected. Then, the coordinates and sizes of the pebble elements were imported into the DEM software. With the 'clump' order, the relationship among three elements that consisted of each pebble was fixed. According to the 'gravity' order, clumps were recoiled into the boxes [41] , [42] . When the strain force was balanced, the pebbles with settled laying depth were settled. By using the 'clump del range' order, an arrester bed with a fixed depth and slope was built. The procedure is shown in Fig. 26 . 
C. SIMULATING TRUCKS RUNNING INTO THE ARRESTER BED
Taking the computing power into consideration, it is impossible to build a truck escape ramp DEM model with a length of hundreds of meters. Thus, an adaptive master-slave simulation procedure analysis [22] was added to the simulation process. The simulation procedure is shown in Fig. 27 . During the simulation process, only a small zone around the tire was activated. At one time, the activated zone was narrowed to three meters. The instruction of the process is detailed below: (1) In the initial step, the truck escape ramp DEM model was separated into hundreds of sections. The length of each section was 1 m. Based on the procedure illustrated above, each section was simulated with a fixed laying depth and slope. (2) The first three sections were first loaded into the DEM software. A tire DEM model with an original velocity and a rotational speed was added to the DEM model. (3) With the 'cycle' order, the tire DEM model started to rotate into the truck escape ramp DEM model. During the simulation process, the position of the tire was recorded. (4) When the position of the tire DEM model was in the middle of the existing three sections of the truck escape ramp DEM model, the first section was deleted, and an additional section was added after the original third section. (5) The existing sections were marked as the new three original sections. The former step was repeated until the tire DEM model was entirely stopped in the arrester bed.
During the simulation process, the truck speed and travel distance signals were recorded. The contact stresses in the tire and arrester bed DEM model are shown in Fig. 28 .
The parameters of the pebble, rubber and pebble DEM models are shown in Tab 5.
The results of the truck speed and travel distance are shown in Fig. 29 .
Overall, the simulation results show that the truck speed descends linearly with increasing time. The process can be separated into two stages. The first stage is from 0 s to 4.27 s, wherein the speed decreases from 78 km/h to 38 km/h. The results of the truck speed are ladder shaped. The second stage is from 4.27 s to 7.38 s, wherein the results of the truck speed are linearly shaped. Correspondingly, the overall relationship between travel distance and time is quadratic, and the travel distance of the entire process is 77.02 m. The results of the truck speed indicate that in the initial stage, the tire DEM model rushed into the arrester bed and occasionally jumped out. Note that this paper neglects the function of the entire car, especially the effect of the suspension system. With regard to the time point 4.27 s, the vertical forces in the tire DEM model are balanced, and the tire runs smoothly in the arrester bed DEM model.
D. COMPARISON OF THE SIMULATION AND TEST RESULTS
At an entrance speed of 78 km/h, a laying depth of 0.6 m, and a truck tire load of 3.75e4 N, the truck speed and travel distance of the test and simulation results were compared. The results are shown in Fig. 30 .
The results show that with an entrance speed of 78 km/h, the travel distances in the test and simulation results are 75.4 m and 77.02 m, respectively, which corresponds to an error of 2.39%. The difference in the simulation and test mainly lies in the recovery speed after the truck entered the truck escape ramp. During the simulation process, the tire DEM model was designed to represent the truck without considering the functionality of the entire vehicle, especially the suspension system. Although there are differences, the linear structure and slope of the simulation results are similar to the test results. The results indicate that the truck escape ramp DEM model accurately reflects the deceleration effect and proves the validity of the simulation method.
Then, a simulation of truck tires without a tread pattern was conducted. For a simulation process, with an entrance speed of 60 km/h, a laying depth of 0.6 m, and a truck tire load of 3.750e4 N, the results of the truck speed and travel distance are shown in Fig. 31 . The results show that at an entrance speed of 60 km/h, the truck tire DEM model simulation stopped within 5.77s, and the travel distance was 54.29 m. The truck tire DEM model simulation without tread pattern simulation stopped within 6.27s, and the travel distance was 58.09 m. The results indicated that the travel distance of the tire DEM model without a tread pattern was slightly longer than that simulated in the former section, and the difference between the results was 6.99%.
V. DAMPING CHARACTERISTICS OF DIFFERENT LAYING DEPTHS AND TRUCK LOADS
Based on the built tire-pebble DEM model, simulations were performed with trucks running into truck escape ramps under different truck loads and laying depths. In the simulation process, the truck speed and travel distance signals were recorded. Based on the simulation results, the damping properties of different laying depths and truck loads were analyzed.
A. DAMPING CHARACTERISTICS OF DIFFERENT TRUCK LOADS
Based on the built tire-pebble DEM model, the procedure of a truck entering a truck escape ramp was simulated with tire loads of 1 t, 2 t, 3 t, 4 t and 5 t and 6 t. During the simulation process, the parameters of the tire and truck escape ramp DEM model were the same as described in the former sections. The entry speed was set to 100 km/h, and the rotational speed was set to 50.51 rad/s. The truck load was set to 3.75e4 N. In the simulation, the results of truck speed and travel distance were recorded. The results are shown in Fig. 32 .
The results show that with tire loads of 1 t, 2 t, 3 t, 4 t, 5 t and 6 t, the truck stops within 8.0 s, 9.5 s, 10 s, 11.5 s, 12.5 s and 13 s, respectively. The truck speed results consist of two stages. In the first stage, the truck speed drops sharply. The difference between the truck speed and travel distance is not large. In the second stage, when the speed drops to a certain degree, the truck speed stabilizes. The slope of the truck speed changed until the truck was entirely stopped. The transition points between the first and second stages for tire loads of 1 t, 2 t, 3 t, 4 t, 5 t and 6 t were 1 s, 2 s, 2.5 s,2. 112 m, respectively. The results indicate that at the entrance of the truck escape ramp, the truck speed is mainly determined by the laying depth. With an increase in the travel distance, the effect of different truck loads begins to take effect. The changing point is mainly determined by the truck load. With an increase in the truck load, the time of the changing point increases correspondingly. The reason for this behavior is that the heavier the truck load is, the harder the truck is to stabilize.
B. DAMPING CHARACTERISTICS OF DIFFERENT LAYING DEPTHS
Next, the damping characteristics of different laying depths were simulated. The laying depths were 0.2 m, 0.3 m, 0.4 m, 0.5 m and 0.6 m, and the truck load was set to 3.75e4 N. The other parameters of the tire and truck escape ramp DEM model were the same as described in the previous chapters. A truck running into the truck escape ramp was simulated with an entrance speed of 100 km/h and a rotation speed of 50.51 rad/s. In the simulation, the results of the truck speed and travel distance were recorded. The results are shown in Fig. 33 .
The results show that with laying depths of 0. 127.9 m and 127.9 m, respectively. When the laying depth increases to approximately 60 cm, the damping property for different layings is nearly the same. The results indicate that at the entrance of the truck escape ramp, the laying depth is the same, so the results of the truck speed and the travel distance are the same. As the travel distance increases, the laying depth starts to take effect. The thicker the laying depth is, the faster the truck speed decreases. When the laying depth is greater than 60 cm, the effect of the laying depth remains constant.
VI. DISCUSSION AND CONCLUSION
A discrete element procedure for the 2D analysis of outof-control trucks was developed in this study. DEM models of truck tires and pebbles in an arrester bed were built and calibrated. Coupled with an adaptive master-slave simulation procedure analysis, the calibrated model was used to simulate damping characteristics of the truck escape ramp under different laying depths, truck tire loads and tread patterns. Within the limitations, the following conclusions can be drawn from the studies:
The laying depth and truck tire load significantly influenced the truck velocity and travel distance. At the entrance of the truck escape ramp, the truck speed was mainly determined by the laying depth. As the laying depth increased, different truck loads started to produce an effect. The changing point was mainly determined by the truck load. As the truck load increased, the time of changing point increased. Moreover, as the laying depth increased, the truck speed continued to decrease. The thicker the laying depth was, the faster the truck speed decreased. When the laying depth increased to a certain degree, the damping property for different laying depths was approximately constant. The results of different tread patterns indicated that the tread pattern had little effect on the results of truck velocity and travel distance. The difference was mainly related to the contacting area, and the damping property increased with increasing of contacting area.
Further research should be focused on the following aspects: (1) including additional forces from the suspension system to the tire DEM model; (2) optimized shape and contact algorithm of the pebble DEM model; and (3) FEM-DEM tire models or optimized DEM tire 2D or 3D models with complex tread patterns. YIMING YE received the B.S. degree in vehicle engineering from Chang'an University, Xi'an, China, in 2017, where he is currently pursuing the M.S. degree in automobile engineering. His main research interests include driving safety of commercial vehicles and vehicle dynamics. VOLUME 7, 2019 
